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Abstract 

The  electrochemical  behavior  of  LaNi3.55Mno.4Alo.3Coo.75  material  was  investigated  with  the  help  of  a  cavity  microelectrode.  The 
cyclic  voltammetry  study  versus  the  scan  rate  evidenced  the  formation  of  a  passivation  layer,  which  is  characterized  by  a  positive  current 
during  the  cathodic  sweep.  The  performances  of  the  LaNi3.55Mno.4Alo.3Coo.75  compound  as  a  negative  electrode  for  nickel-metal  hydride 
(Ni-MH)  battery  can  also  be  determined  with  the  cavity  microelectrode.  It  was  shown  that  even  in  drastic  potential  sweep  conditions,  the 
material  exhibits  a  very  good  reversibility  during  several  thousands  of  cycles. 
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1.  Introduction 

LaNis  and  its  metal  substituted  derivatives  reversibly  ab¬ 
sorb  hydrogen  around  room  temperature  and  pressure  by 
solid-gas  as  well  as  by  electrochemical  reactions.  Among 
the  possible  applications  of  those  hydrides,  their  use  as  neg¬ 
ative  electrode  materials  for  nickel-metal  hydride  (Ni-MH) 
alkaline  batteries  has  been  the  subject  of  a  lot  of  studies 
[1-8].  Those  batteries  replace  nickel-cadmium  systems  be¬ 
cause  of  the  increased  capacity  and  the  reduced  toxicity. 
Research  on  the  alloy  composition  to  improve  both  ther¬ 
modynamic  and  cycling  properties  of  the  electrode  material 
has  led  to  the  set-up  of  multi-substituted  compositions  like 
RENi3  55Mno.4Alo.3Coo. 75  (RE,  rare  earth  elements)  [9,10]. 

Electrochemical  characterizations  of  those  compounds  are 
usually  performed  with  the  usual  composite  electrode  [5,7], 
which  consists  in  powder  material  mixed  with  graphite  and 
Teflon  binder  pressed  on  an  extended  current  collector.  How¬ 
ever,  the  cyclic  voltammetry  behavior  for  high  scan  rate  ( v ) 
cannot  be  investigated  with  such  an  electrode,  since  the  high¬ 
est  rate  at  which  the  signal  can  be  analyzed  is  lower  than 
1  mV  s~ 1 .  This  restriction  is  ascribed  to  large  ohmic  drop 
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and  capacitive  current.  In  previous  papers  [11-13],  we  have 
shown  that  the  use  of  cavity  microelectrode  (CME)  allows 
the  study  at  scan  rates  up  to  a  few  tens  V  s-1  (this  limit 
depending  on  both  the  studied  material  and  the  electrode 
size),  and  the  determination  of  the  oxydoreduction  mecha¬ 
nism  [12].  Moreover,  we  have  pointed  out  that  CME  was  a 
useful  technique  for  achieving  long  cycling  tests  in  a  short 
lapse  of  time  [13,14], 

This  paper  is  devoted  to  the  electrochemical  behavior  of 
LaNi3.55Mno.4Alo.3Coo.75  powder  when  submitted  to  poten- 
tiodynamic  conditions  at  scan  rates  up  to  1  V  s“ 1  and  cycling 
up  to  a  few  thousands  of  cycles  by  means  of  the  CME. 


2.  Experimental 

2.1.  Preparative  procedure 

The  intermetallic  compound  was  synthesized  by  induc¬ 
tion  melting  of  the  pure  elements,  followed  by  adequate  an¬ 
nealing.  Homogeneity  and  single -phase  characteristics  were 
checked  by  X-ray  diffraction  and  electron  microprobe  anal¬ 
ysis  [15].  The  material  is  ground  by  means  of  a  pestle. 
The  grains  have  an  irregular  shape  and  their  size  is  be¬ 
tween  a  few  (Jim  and  20-30  p,m  (Fig.  1).  After  grinding, 
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Fig.  1.  SEM  photography  of  LaNi3.55Mno.4Alo.3Coo.75. 


the  material  is  immediately  submitted  to  an  electrochemical 
study. 

2.2.  Electrochemical  devices 

Electrochemical  measurements  were  carried  out  with  a 
classical  three-electrode  cell.  The  working  electrode  was 
a  home-made  cavity  microelectrode  previously  described 
[11-13].  The  reference  and  counter  electrode  were  an 
Hg/HgO  (7 moll-1  KOH)  electrode  and  a  stainless  steel 
wire,  respectively.  Both  were  in  a  separated  compartment. 
The  electrolyte  was  a  7  mol  l-1  KOH  solution  that  was 
deoxygenated  by  bubbling  with  Ar  gas.  Electrochemical 
measurements  were  performed  using  an  Autolab  PGSTAT 
30  potentiostat.  The  cleanliness  of  the  cavity  volume  was 
checked  before  each  experiment  by  recording  background 
voltammograms  of  the  Pt-current  collector. 

For  all  experiments,  no  graphite  was  mixed  with  the  ma¬ 
terial  since  it  is  a  sufficiently  good  electronic  conductor. 
The  cavity  of  the  microelectrode  was  filled  up  with  mate¬ 
rial  grains  using  the  electrode  as  a  pestle.  We  ensured  that 
the  cavity  was  conveniently  filled  up  by  observing  it  with 
a  microscope  (Olympus  BX30)  equipped  with  a  numerical 
camera  unit  (DP  10).  After  every  set  of  electrochemical  ex¬ 
periments,  we  ensured  that  the  material  was  still  present 
within  the  microcavity.  The  cavity  was  unloaded  by  wash¬ 
ing  it  with  an  ultrasonic  cleaner  in  5 moll-1  HC1  solution 
for  5  min. 


3.  Results 

3.1.  Voltammogram  descriptions 

Stable  voltammograms  are  observed  during  cycling  in  the 
scan  range  spreading  from  —1.15  to  0.25  V/Hg/HgO.  Fig.  2 


illustrates  the  general  shape  of  voltammograms  we  recorded 
with  the  CME  at  0.05  V  s-1.  It  shows  that  the  electrochemi¬ 
cal  response  of  the  material  (solid-line  curve)  is  distinguish¬ 
able  from  the  platinum  current  collector  one  (dotted-line 
curve).  Fig.  3a  and  c  represent  voltammograms  recorded  at 
various  scan  rates. 


Fig.  2.  Voltammograms  recorded  on  LaNi3.55Mno.4Alo.3Coo.75  powder 
with  a  25  pm  diameter  CME  at  50mVs_1  in  a  7  mol  1  1  KOH  solution 
(solid-line),  and  with  an  empty  CME  in  the  same  conditions  (dotted-line). 
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Fig.  3.  (a-c)  Voltammograms  recorded  on  LaNi3.55Mno.4Alo.3Coo.75  powder  with  a  25  |xm  diameter  CME  at  various  scan  rates,  (d)  Voltammogram 
recorded  on  the  empty  cavity  at  500  mV  s-1. 


At  low  scan  rates  ( v  <  0.05  V  s  1  ),  we  observe  the  fol¬ 
lowing  peaks: 

•  An  ill-defined  cathodic  peak  Ci  that  merges  with  the  sol¬ 
vent  reduction  wall  and  progressively  disappears  while 
increasing  scan  rate.  It  is  attributed  to  hydrogen  insertion 
in  the  compound. 

•  An  anodic  peak  Ai,  the  potential  of  which  vary  between 
—0.7  and  — 0.5  V/Hg/HgO.  It  is  attributed  to  hydrogen 
desorption.  Moreover,  the  total  cathodic  exchanged  charge 
is  equal  to  the  anodic  one,  which  is  consistent  with  battery 
material  application. 

•  A  plateau  P  that  follows  the  anodic  peaks  at  the  end  of  the 
anodic  scan.  Its  intensity  (ip)  is  proportional  to  the  scan 
rate,  which  indicates  that  it  is  not  a  diffusion  plateau  like 
often  observed  for  insertion  materials.  It  should  rather  be 
identified  as  due  to  a  capacitive  current. 

As  the  scan  rate  increases  to  reach  few  hundred  of  mV  s_  1 , 

voltammogram  shapes  significantly  change  (Fig.  3c). 

•  The  Ai  peak  enlarges  significantly  to  show  a  shoulder  A2. 

•  A  positive-current  peak  C2  located  within  the  potential 
range  of  the  peak  A[  appears  during  the  reduction  step. 

It  is  preceded  by  a  small  shoulder  C3,  which  is  similar  to 
A2,  observed  during  the  anodic  sweep. 

•  The  small  cathodic  peak  C4  (located  at  ca.  —0. 15  V/Hg/HgO) 
is  similar  to  the  cathodic  peak  recorded  on  the  empty 
CME  at  the  same  scan  rate  (Fig.  3d).  The  curve  corre¬ 
sponding  to  the  collector  metal-surface  exhibits  the  two 


well-known  regions:  the  hydrogen-region  where  occurs 
hydrogen  electroadsorption  and  the  oxygen-region  where 
occur  the  oxides  formation  and  their  reduction  [16]. 

3.2.  Voltammogram  characteristics 

From  Figs.  2  and  3,  we  can  define  various  voltammo¬ 
gram  characteristics  for  a  quantitative  description.  We  point 
out  the  potential  Ey  and  the  intensity  iy  of  each  peak  Y 
(Y  =  a  1,  ci,  C2),  the  area  Sy  of  the  peaks  Ai  and  C2.  The 
anodic  characteristics  are  evaluated  from  the  baseline  drawn 
(in  dotted-line),  by  interpolating  the  capacitive  current.  The 
peak  C2  area  is  calculated  considering  the  baseline  drawn  in 
dashed-line.  We  did  not  determine  the  area  of  the  peak  Ci 
because  it  is  not  possible  to  clearly  distinguish  its  contribu¬ 
tion  from  that  of  the  water  reduction.  The  measurement  of 
the  peak  area  allows  evaluating  the  exchanged  charge  asso¬ 
ciated  to  the  current  exchange  through  the  relationships: 

Sy 

Qy=—  (1) 

V 

Fig.  4a  shows  the  variation  of  the  peak  potentials  £cp  Eq2 , 
and  Fa,  versus  v,  in  a  logarithmic  scale.  For  v  <  0.05  Vs-1, 
E Ci  linearly  decreases  with  a  slope  4/+:,  /d  log  v  of  —20  mV, 
whereas  for  v  >  0.05 Vs-1,  the  slope  is  —150 mV.  Fur¬ 
thermore,  we  note  that  this  transition  range  corresponds  to 
the  appearance  of  the  positive  current  (peak  C2).  Contrar- 
ily,  £ai  increases  with  a  slope  of  +190 mV  up  to  0.3  Vs'1, 
and  is  quite  constant  for  v  >  0.3  V  s-1.  Fig.  4b  shows  the 
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(a) 

Scan  rate  (V  s  ') 


(b)  Scan  rate  (V  s  ') 


(c)  Scan  rate  (V  s  ') 


Fig.  4.  Voltammogram  characteristics-scan  rate  profiles:  (a)  peak  potential- 
scan  rate;  (b)  peak  intensity-scan  rate;  (c)  exchanged  charges-scan  rate. 

variations  of  ic,  and  i,\2,  versus  v,  in  bilogarithmic  scale. 
We  note  that  logO'cj )  is  proportional  to  log(i>)m  with  m  = 
0.58.  LogO^)  varies  as  log(p)m  where  m  —  0.75  when 
v  <  0.05  V  s_1  and  m  =  0  for  i>  >  0.05  V  s-1.  The  slopes 
are  different  from  1  that  indicates  a  diffusion  mechanism. 

Fig.  4c  concerns  the  variation  of  the  positive  exchanged 
charge  during  the  anodic  scan  (peak  A],  curve  □),  the  ca¬ 
thodic  scan  (peak  C2,  curve  O)  and  the  total  positive  charge 


Fig.  5.  Evolution  of  the  voltammograms  for  different  cycle  numbers.  Each 
curve  is  labeled  by  its  cycle  number. 

(peaks  Aj  +  C2).  The  exchanged  charge  Q ,\ ,  is  constant 
when  v  is  lower  than  0.05  Vs-1.  This  indicates  that  the  num¬ 
ber  of  accessible  sites  in  the  material  that  are  implicated 
in  the  electrochemical  reactions  is  constant.  Moreover  in 
that  scan  rate  domain,  the  positive  charge  between  —  1  and 
0.2  V/Hg/HgO  is  nearly  equal  to  the  total  negative  charge 
between  —1  and  —1.2  V/Hg/HgO.  It  signifies  that  the  H2 
produced  on  the  solvent  reduction  wall  contributes  to  chem¬ 
ically  charge  the  material.  <2m  strongly  decreases  for  the 
highest  values  of  the  scan  rate  which  corresponds  to  the 
merging  of  the  peak  Ci  with  the  reduction  wall  of  the  sol¬ 
vent.  The  production  of  FF  is  thus  predominant  in  front  of 
the  H  insertion  in  the  material.  Moreover,  the  graph  shows 
that  the  contribution  of  the  peak  C2  can  be  considered  as 
negligible  when  compared  with  the  total  exchanged  charge. 

3.3.  Long  cycling  evolution 

Fig.  5  shows  the  evolution  of  the  voltammogram  for  dif¬ 
ferent  numbers  of  cycle  for  a  battery  test  experiment  per¬ 
formed  at  V  —  50  mV  s  .  Fig.  6  shows  the  variations  of 
the  peak  potential  (graph  a),  and  of  the  peak  inten¬ 
sity  (A!  (graph  b).  As  it  is  difficult  to  determine  the  amount 
of  material  included  in  the  cavity,  graph  c  is  related  to  the 
normalized  charge.  It  is  defined  by  the  ratio  of  anodic  ex¬ 
changed  charge  Q,\IQ''{dx.  where  <2™ax  is  the  maximum  an¬ 
odic  exchanged  charge  during  a  sweep  of  the  cycling.  For 
all  the  graphs,  two  regions  can  be  defined;  the  boundary  of 
which  is  around  the  800th  cycle.  Within  the  region  I,  there 
is  an  erratic  variation  of  the  voltammogram  characteristics. 
The  anodic  peak  potential  varies  within  a  90  mV  amplitude 
range,  whereas  ;'a,  and  Q/\  variations  represent  50  and  20% 
of  their  maximum  value,  respectively.  In  the  region  II,  we 


568 


V.  Vivier  et  al.  / Journal  of  Power  Sources  124  (2003)  564-571 


Cycles 


Fig.  6.  Evolution  of  the  peak  potential  (a),  the  peak  intensity  (b),  and  the 
ratio  of  anodic  exchanged  charge  (/.\/ni;txinium  exchanged  charge  (Q“ax) 
(c)  versus  the  cycle  number. 


observe  a  more  regular  variation  of  the  previous  parameters: 
£ai  shifts  toward  the  positive  potential  by  around  30  mV, 
whereas  /'a,  and  Q ,\ ,  remain  constant  after  a  decrease  of 
7  and  25%,  respectively.  That  still  can  be  considered  as  a 
quite  stable  behavior.  The  boundary  between  the  two  regions 
corresponds  to  a  sudden  loss  of  electrical  contact  between 
grains.  The  transition  from  an  erratic  behavior  before  the 
800th  cycle  and  quite  stable  behavior  can  be  ascribed  to  a 
decrease  of  grains  compacting  within  the  cavity. 


4.  Discussion 


4.1.  Effect  of  the  geometrical  features  of  a  CME  on  the 
exchanged  charges 


The  filling  of  the  microcavity  depends  on  both  shape  and 
size  of  the  grains.  The  theoretical  maximum  amount  of  in¬ 
cluded  material  is  obtained  assuming  a  cubic  stacking  of 
small  spheres  (that  represent  material  grains).  The  result¬ 
ing  ratio  between  the  interstice  volume  and  the  grain  sphere 
volume  is  independent  of  the  sphere  radius,  and  is  ca.  0.9. 
The  volume  of  interstices  is  thus  similar  to  that  of  the  mate¬ 
rial  one.  As  a  result,  for  a  25  pm  diameter  CME,  the  depth 
of  which  is  15  pm,  the  occupied  volume  of  cavity  is  ca. 
3.7  x  10-9  cm3.  The  maximum  exchangeable  charge  is  given 
by  the  Faraday’s  law: 


max 


nF  x  p  x  3.7  x  10  9 


(2) 


where  F  is  the  Faraday,  M  is  the  molecular  weight  of  the 
material  (M  =  421.5  gmol-1),  p  its  density  ( p  —  7.8)  and 
n  is  the  number  of  exchanged  electrons,  according  to  the 
following  reduction  reaction  (x  is  the  insertion  rate): 

(AB5)  +  .re  +  aCFO 

^  (AB5H*)  +  rOH“  with  0  <x<n  (3) 

For  FaNij,  n  is  comprised  between  6  and  6.5,  whereas  for 
the  tri-substituted  material,  the  maximum  n  value  is  5.5.  This 
corresponds  to  a  theoretical  exchangeable  charge  of  36  mC 
for  FaNi3.55Mno.4Alo.3Coo. 75.  From  our  experiments,  the 
exchanged  charge  is  actually  around  4mC.  A  priori,  several 
causes  can  be  invoked  for  explaining  the  charge  lack: 

•  First,  the  irregular  shape  of  the  grains  does  not  favor  the 
stacking  within  the  microcavity.  Moreover,  the  material 
grain  is  subjected  to  volume  expansion  and  contraction 
during  hydrogen  absorption  and  desorption,  respectively. 
This  could  make  more  difficult  the  electrical  contacts  be¬ 
tween  the  grains  and  between  grains  and  metal  current 
collector. 

•  Second,  the  amount  of  available  water  within  the  inter¬ 
stices  could  be  insufficient  since  the  insertion  of  H  needs 
the  consumption  of  H2O  molecules.  The  total  amount  of 
H2O  inside  the  interstices  is  about  2  x  Iff  10 moles.  From 
the  Eq.  (3),  the  consumption  of  1  mole  of  the  material 
during  the  electrochemical  process  is  accompanied  by  the 
consumption  of  5.5  moles  of  water.  Thus,  a  quantitative 
reduction  reaction  of  the  material  (6.15  x  10“ 11  mole) 
needs  3.38  x  10“ 10  mole  of  water.  The  amount  of  water 
inside  the  cavity  is  not  sufficient  for  reducing  all  the  elec¬ 
troactive  sites  of  the  material  included  in  the  microcavity. 

•  Third,  the  reduction  reaction  is  partial  and  may  concern 
only  the  peripheral  sites  and  those  located  within  the  lay¬ 
ers  near  the  surface.  Such  a  behavior  could  be  attributed 
to  a  limited  diffusion  of  the  H  inserted.  The  latter  case 
must  be  ruled  out  because  the  exchanged  charge  does  not 
vary  significantly  against  the  scan  rate.  The  two  first  as¬ 
sumptions  may  be  a  possible  explanation  of  the  differ¬ 
ence  between  theoretical  and  experimental  value  of  the 
exchanged  charge. 

4.2.  Comments  on  peak  C 1 

This  peak  corresponds  to  the  insertion  of  H  within  the  ma¬ 
terial.  The  overall  mechanism  generally  ascribed  is  a  charge 
transfer  reaction  (Heyrovsky  step)  followed  by  a  phase  trans¬ 
fer  reaction  between  adsorbed  and  absorbed  hydrogen  and 
by  the  mass  transfer  of  hydrogen  into  the  material  bulk 
[17-19].  Taking  account  of  the  available  data,  we  propose 
the  following  mechanism: 

•  Electron  transfer  reaction  and  H  adsorption: 

(AB5)o  +  e  +  H20  ^  (AB5H)oads  +  OH- 


M 


(4) 
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(AB5)o  and  (AB5H)ads  are  an  oxidized  (H-free)  site  that 
can  be  reduced  and  a  reduced  site  with  adsorbed  hydrogen, 
respectively.  The  subscript  0  indicates  that  this  reaction 
occurs  at  the  interface  of  the  material. 

•  Phase  transfer  reaction: 

(AB5H)“ds^(AB5H)f  (5) 

k- 1 

the  superscripts  ads  and  abs  indicate  that  the  hydrogen  is 
adsorbed  and  absorbed,  respectively.  k\  and  k- 1  are  the 
chemical  kinetic  constants  of  this  reaction. 

•  Diffusion  reaction: 

(AB5H>0absS(AB5H)^Uc  (6) 

k-2 

(ABt  H)j!ibj’k  refers  to  the  hydrogen  absorbed  in  the  ma¬ 
terial  bulk,  &2  and  k-2  are  the  kinetic  constants  of  this  re¬ 
action.  However,  with  such  a  global  reaction  pathway  for 
describing  the  diffusion  in  the  material  bulk,  the  kinetic 
constants  kj  and  k-2  depend  on  both  material  geometry 
and  grain  size  [20].  On  the  other  hand,  it  was  shown  that 
the  multilayer  model  evolved  by  Laviron  and  co-workers 
[21-23],  Andrieux  and  Saveant  [24]  can  easily  be  trans¬ 
posed  for  describing  the  insertion  of  species  into  a  ma¬ 
terial  bulk,  whatever  its  geometry  [20].  As  a  result,  as¬ 
suming  that  the  material  grain  consists  in  a  stacking  of 
elementary  layers  as  represented  in  Fig.  7a,  the  overall 
diffusion  reaction  is  to  be  seen  as  successive  elementary 
reactions  characterizing  the  displacement  of  H  between 
sites  located  in  two  adjacent  layers  (Fig.  7b).  By  construc¬ 
tion  of  the  model,  all  the  layers  are  identical  and  repre¬ 
sent  a  monolayer  of  (AB5)  sites.  Thus,  the  total  amount 


Fig.  7.  Multilayer  structure  within  a  grain  (a),  and  magnification  of  the 
multilayer  structure  near  the  surface  of  a  grain  (b).  Arrows  indicate  some 
of  the  possible  inserted-H  jump  between  two  adjacent  layers. 


of  H  that  can  be  inserted  is  identical  for  each  layer  and 
the  chemical  kinetic  constants  of  each  reaction  are  then 
equal  for  each  layer.  It  shows  that  with  this  representa¬ 
tion,  values  of  kinetic  constants  are  independent  of  the 
geometry  of  the  material.  Nevertheless,  this  description 
needs  the  knowledge  of  the  grain  geometry  and  the  grain 
size  to  describe  each  layer.  For  a  material  constituted  of 
n  layers,  the  diffusion  reaction  is  thus  summarized  by  the 
following  set  of  reactions  (7),-  (1  <  i  <  n ): 

(AB5H)q  +  (AB5)iS(AB5)o  +  (ABjH),  (7)i 

K 

(AB5H)i  +  (AB5)2^(AB5>i  +  (AB5H>2  (7)2 

kb 

(AB5H>  j  +  (AB5)  ;+i^(AB5>  j  +  (AB5H  )i+1  (7)  j+i 

kb 

(ABsH),,.!  +  {AB5)n^{AB5)n-X  +  (AB5H>„  (7)„ 

kb 

where  k{  and  k\,  are  the  kinetic  constants  of  the  equilibrium 
reactions. 

This  set  of  equations  can  be  illustrated  by  all  the  curved 
arrows  in  the  Fig.  7b,  which  represent  the  jumps  of  the 
H-atoms  from  a  reduced  site  toward  the  adjacent  oxidized 
site. 

Assuming  an  isotropic  diffusion  in  the  material,  kf  and 
k\,  are  thus  equal  (kf—k\,—k),  and  it  was  already  shown 
[2 1 ,24]  that  the  constant  k  is  linked  to  the  diffusion  coef¬ 
ficient  used  in  the  Fick’s  Law  through  the  relationship: 

Dh  =  kC0e2  (8) 

where  Co  is  the  number  of  sites  in  which  a  H  can  be 
inserted  (per  cm2),  s  the  thickness  of  a  layer,  and  Z>h  the 
diffusion  coefficient  of  H. 

4.3.  Comments  on  peaks  A\  and  A2 

The  peak  Ai  and  the  shoulder  Ab  correspond  to  a  mecha¬ 
nism  that  can  be  described  by  the  reverse  mechanism  of  the 
reduction  reactions.  This  deconvolution  suggests  that  dein¬ 
sertion  occurs  in  several  steps  with  close  kinetics.  First,  the 
electrochemical  reaction  occurs  at  the  interface  with  the  ox¬ 
idation  of  H  that  was  included  in  the  material  bulk  (reverse 
of  Eq.  (4)).  The  H  diffusion  toward  external  sites  is  then 
the  backward  route  of  the  equilibrium  (7)/.  As  (ABsH)‘lhs 
is  a  surface  reduced  site,  it  can  no  longer  lodge  anymore 
the  H-atoms  coming  from  the  internal  sites.  When,  all  the 
peripheral  reduced  sites  are  occupied  by  adsorbed  species, 
an  inert  layer  is  produced.  This  prevents  the  electrochemical 
oxidation  (4)  occurring  until  desorption  of  a  part  of  these 
species. 

The  width  of  peak  Ai  at  the  lower  scan  rate  (0.01  V  s-1) 
is  around  160  mV  and  becomes  wider  when  the  scan  rate 
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increases.  The  theoretical  value  for  peak  width  can  be  calcu¬ 
lated  by  the  relationship  obtained  for  a  closed  electrochem¬ 
ical  system  that  obeys  the  Butler- Volmer  relationship  (9): 

2RT 

W\/2  (mV)  =  — -  (9) 

ant 

where  F,  R,  and  T  have  their  usual  significance,  n  is  the 
number  of  electron  exchanged  and  a  is  the  transfer  co¬ 
efficient  (a  —  0.5).  The  experimental  peak  width  when 
the  scan  rate  is  low,  is  much  larger  than  the  theoretical 
value  if  considering  a  simultaneous  exchange  of  5.5  elec¬ 
tron  per  AB5  unit  (~19mV).  As  it  is  widely  admitted,  the 
electron-exchange  reaction  would  involve  only  one  elec¬ 
tron:  in  that  case,  the  theoretical  peak  width  value  is  about 
103  mV  and  is  rather  in  good  agreement  with  the  experi¬ 
mental  one.  At  low  scan  rates,  the  electrochemical  signal 
gives  no  information  on  different  occupancy  sites  for  H, 
whereas  different  sites  have  been  evidenced  in  chemical  hy¬ 
drogenating  [25-27].  The  relationship  (9)  also  indicates  that 
the  peak  width  W1/2  is  independent  of  the  scan  rate.  How¬ 
ever,  a  broadening  of  the  peak  involving  a  decrease  of  n 
or  a  must  be  ruled  out.  Thus,  such  a  broadening  should  be 
attributed  to  an  electrode  polarization  due  to  the  consump¬ 
tion  of  ionic  species  and  water  molecules.  This  is  consistent 
with  our  previous  remark  and  the  estimation  we  have  done 
for  the  consumption  of  the  species  inside  the  cavity  of  the 
electrode. 

Elsewhere,  a  point  to  clarify  is  the  shape  difference  be¬ 
tween  the  charge  and  the  discharge  peaks. 

4.4.  Comments  on  plateau  and  peak  C4 

The  plateau  that  follows  the  smooth  fall  of  the  peak  Aj 
exhibits  a  small  positive  slope  (Fig.  2).  Most  part  of  this 
current  (corresponding  to  the  horizontal  part  of  the  voltam- 
mogram  for  the  more  positive  potentials)  must  be  attributed 
to  the  capacitive  current  related  to  the  grain  periphery  and 
the  platinum  collector  interfaces.  The  residual  current  which 
is  responsible  for  the  positive  slope  of  the  plateau  is  due  to 
the  oxidation  of  the  surface  sites  of  the  collector  producing 
metal  oxide  PtOA. 

The  peak  C4  is  due  to  the  reduction  of  the  PtOA  formed 
during  the  anodic  sweep.  It  is  only  observable  when  the  scan 
rate  v  is  sufficiently  large  because: 

•  First,  the  amount  of  these  oxides  is  small.  Assuming  a 
monolayer  hydrogen  adsorption  charge  of  210  p,Ccm-2, 
the  exchanged  charge  is  equal  to  about  5  x  10-9  C  for  the  H 
oxidation  for  a  Pt  collector  of  25  p,m  diameter.  Supposing 
a  two-electron  transfer  for  the  oxide  formation,  the  charge 
is  about  10-8  C. 

•  Second,  the  charge  for  the  LaNi3.55Mno.4Alo.3Coo.75  dra¬ 
matically  decreases  for  high  scan  rates  (see  Fig.  4c)  while 
it  is  constant  for  the  PtOA. 


4.5.  Positive  current  cathodic  peaks  C2  and  C3 

Generally,  this  kind  of  peak  can  be  observed  during  the  ca¬ 
thodic  scan  when  depassivation  phenomena  are  implicated. 
Depassivation  involves  an  inert  film  formed  during  the  previ¬ 
ous  anodic  scan,  which  prevents  the  oxidation  reaction  nor¬ 
mally  progressing.  It  corresponds  to  the  destruction  of  this 
inert  film  during  the  cathodic  scan.  In  the  present  case,  the 
inert  film  and  the  depassivation  process  can  be  identified  to 
the  adsorbed  H2O  produced  during  the  oxidation  (backward 
way  of  reaction  4).  As  a  result,  the  reverse  reaction  of  the 
electrochemical  equilibrium  (4)  should  rather  be  written  as 
a  two  steps  reaction: 

(AB5H)f  +  OH”  «=>  (AB5(H2O)ads>0  +  e  (10) 

that  is  followed  by  a  chemical  equilibrium  describing  the 
adsorption/desorption  of  water  molecules  from  the  interface 
electrode/electrolyte: 

kf2° 

(AB5(H2O)ads>0  U  (AB5)o  +  H20  (11) 

c-° 

The  positive  current  is  observed  when  the  reaction  (7)i  is 
becoming  predominant  vis-a-vis  of  the  reaction  of  desorp¬ 
tion  of  the  oxidized  products  within  the  potential  range  of 
the  peak  A).  This  involves  that  the  reaction  (7)i  is  blocked 
during  the  precedent  anodic  scan,  i.e.  both  amount  of  H20 
adsorbed  is  large  and  its  kinetic  constant  of  desorption  kf° 
is  small.  Therefore,  the  intensity  of  the  peak  C2  is  related  to 
both  ratio  vlk^2°  and  potential  where  the  scan  is  reversed. 

4.6.  Long  cycling  evolution 

We  point  out  that  the  overall  shape  of  voltammograms 
does  not  significantly  change  during  the  cycling.  Thus,  these 
curves  illustrate  a  good  performance  of  the  material  against 
the  insertion  and  deinsertion  of  H-atom  although  the  dis¬ 
charge  depth  reaches  100%,  because  the  end  of  the  peak  fall 
is  also  the  end  of  the  discharge.  A  50  mV  s_1  scan  rate  cor¬ 
responds  to  duration  of  around  12  s  that  is  to  say  in  drastic 
discharge  conditions.  The  charge  corresponds  to  the  cathodic 
peak  Ci.  Taking  into  account  the  time  for  scanning  whole 
this  peak,  the  charge  is  also  carried  out  in  drastic  conditions. 

Some  erratic  variation  was  also  observed  with  some 
sample  electrodes.  They  must  be  attributed  to  internal  re¬ 
arrangement  of  the  grains  within  the  microcavity  and  to 
modifications  of  the  texture  of  the  material,  which  is  caused 
by  the  H2  evolution  when  the  potential  corresponds  to  the 
reduction  of  the  solvent  wall. 


5.  Conclusion 

An  hydride  material,  showing  high  technological  inter¬ 
est,  has  been  studied  with  the  cavity  microelectrode.  This 
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shows  the  strong  ability  of  this  technique  to  work  with  dif¬ 
ferent  kinds  of  materials.  Very  high  scan  rates  (a  few  V  s-1), 
as  compared  to  those  obtained  with  macroelectrodes  (a  few 
mV  s“ 1  in  best  cases)  can  be  reached  owing  to  the  ab¬ 
sence  of  significant  polarisation  effects.  Within  the  range  of 
50  mV  s_1,  the  kinetic  limit  of  the  hydride  material  reached 
demonstrating  the  excellent  kinetic  response  of  those  mate¬ 
rials.  Therefore,  the  limitations  observed  with  conventional 
electrodes  are  to  be  attributed  to  the  electrode  environment 
rather  than  to  the  material  itself.  The  great  advantage  of  the 
cavity  microelectrode  technique  is  the  possibility  to  perform 
electrochemical  cycling  at  high  scan  rate  in  a  short  lapse  of 
time.  This  allows  evidencing  the  excellent  ability  of  the  ma¬ 
terial  studied  here  to  withstand  thousands  of  cycles  without 
important  losses  of  capacity  that  could  be  attributed  to  corro¬ 
sion  effects.  Such  discrimination  was  never  observed  before, 
because  effects  of  ageing  in  electrolyte  are  combined  with 
cycling  effects  in  conventional  cycling  studies.  The  possi¬ 
bility  to  use  the  cavity  microelectrode  to  separate  calendar 
corrosion  and  cycling  corrosion  will  be  further  studied  on 
different  LaNis  substituted  materials. 
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